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Action-perception circuits containing neurons in the motor system have been proposed 
as the building blocks of higher cognition; accordingly, motor dysfunction should entail 
cognitive deficits. Autism spectrum conditions (ASC) are marked by motor impairments 
but the implications of such motor dysfunction for higher cognition remain unclear. We 
here used word reading and semantic judgment tasks to investigate action-related motor 
cognition and its corresponding fMRI brain activation in high-functioning adults with ASC. 
These participants exhibited hypoactivity of motor cortex in language processing relative 
to typically developing controls. Crucially, we also found a deficit in semantic processing of 
action-related words, which, intriguingly, significantly correlated with this underactivation 
of motor cortex to these items. Furthermore, the word-induced hypoactivity in the motor 
system also predicted the severity of ASC as expressed by the number of autistic 
symptoms measured by the Autism-Spectrum Quotient (Baron-Cohen etal., 2001). These 
significant correlations between word-induced activation of the motor system and a newly 
discovered semantic deficit in a condition known to be characterized by motor impairments, 
along with the correlation of such activation with general autistic traits, confirm critical 
predictions of causal theories linking cognitive and semantic deficits in ASC, in part, to 
dysfunctional action-perception circuits and resultant reduction of motor system activation. 
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INTRODUCTION 

A surprising rinding in contemporary neuroscience concerns the 
motor system's function as a vehicle for higher cognitive processes 
which, on first glance, appear to be entirely unrelated to basic 
motor function. Theoretical bridges between supposedly "lower- 
order" sensorimotor functions and cognitive processes, such as 
developing semantic concepts or language, have been proposed in 
the psychological literature (Piaget, 1950). Recent research indi- 
cates that this link may lie in action-perception circuits, neuronal 
ensembles connecting neurons in sensory and motor areas via 
brain systems intertwining the two (Pulvermuller, 1999; Fuster, 
2003; Rizzolatti and Craighero, 2004; Jeannerod, 2006; Pulver- 
muller and Fadiga, 2010). Correlated activation in motor and 
sensory areas of the cortex is proposed to lead to the development 
of neuronal assemblies that represent motor acts. These action- 
perception circuits become the basis of mirroring, i.e., repeating 
visually perceived actions performed by others, repeating verbal 
utterances and working memory (Fuster, 2003; Rizzolatti and 
Craighero, 2004; Jeannerod, 2006). 

Critically, however, by interlinking with each other, such action- 
perception circuits can themselves become substrates for a range 
of additional higher cognitive processes, such as language and 
representation of conceptual meaning. Words denoting concrete, 
visible concepts, such as actions or visible objects, tend to be learnt 
in the context of interacting with or experiencing that concept 



in the world (Pulvermuller, 1999). In accordance with Heb- 
bian principles, simultaneous activation across numerous brain 
regions results in the formation of connected circuits. Specif- 
ically, the sensorimotor patterns for hearing and articulating a 
word (represented in core perisylvian language areas, Figure 1A) 
become linked to the differential areas activated by experienc- 
ing/interacting with actions or objects, thus forming conceptual 
circuits for words. Action words such as "grasp," which seman- 
tically relate to the concepts of actions represented by action 
schemas stored in cortical motor systems, therefore draw upon 
motor systems, whilst object words relate to visual objects and are 
thus processed in the temporo- occipital visual processing stream. 
This is depicted in Figure IB, (but please see Garaghani et al., 2009 
for elaboration on this model and the linkage of regions through 
Hebbian processes). Though this relates to concrete items, there 
may be a critical role for action-perception circuits in the repre- 
sentation of meaning for abstract words, too (Moseley et al., 2012). 
In addition, elementary action schemas can be linked into action 
chains and may multiply into action hierarchies, thus embedding 
actions and object representations into plans and frames (Pul- 
vermuller and Fadiga, 2010). Research in social neuroscience has 
also repeatedly shown that action-perception systems involved 
in mirroring can interact synergistically with mentalizing sys- 
tems (Zaki etal., 2009; Lombardo etal., 2010a; Schippers etal., 
2010; Spunt and Lieberman, 2012). This mutual link suggests that 
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FIGURE 1 | Brain-model of action perception circuits (APCs) and 
semantic mechanisms. (A) Based on corticocortical connections and 
correlated activity patterns in primary motor and auditory areas (M 1 , A1 ), 
APCs develop for spoken word forms; these include neurons in primary areas 
and in "relay areas" bridging between them [inferior PM (premotor) and PF 
(prefrontal); superior-temporal AB (auditory belt) and PB (parabelt)]. 
(B) Object-related and action-related semantic information is bound to word 



forms by way of long-distance links between APCs for word forms and 
concepts; the illustrated conceptual circuit involves neurons in dorsolateral 
M1, PM, and PF motor/executive cortex and in V1 (primary visual), HV (higher 
visual), and VA (visual association) cortex in the ventral object processing 
stream. The APC model predicts that lesions in motor areas (M1 , PM) or 
disconnection of these regions leads to disintegration of the mechanisms for 
language processing and especially impacts on action-related semantics. 



motor problems may lead developmentally to a whole host of 
downstream deficits in higher cognitive functions (e.g., language, 
communication, social cognition, understanding action con- 
cepts, and the meaning of action words; Pulvermuller, 2005; see 
Figure 1). 

If action-perception circuits form one basis of higher cognition, 
a motor deficit could hinder their formation and thus compromise, 
or alter, higher processes normally built upon the latter. Critical 
test cases here are patients with motor impairments, such as in 
stroke, Parkinsons disease, or Motor Neuron disease, who indeed 
show specific deficits in understanding action -related concepts 
and in processing action -related words (Neininger and Pulver- 
muller, 2003; Boulenger etal., 2008; Bak and Chandran, 2011; 
Kemmerer etal., 2012). On this basis, it is however difficult to 
confidently attribute the motor systems a critical role in cogni- 
tion: lesions are typically characterized by substantial involvement 
of multiple regions which limits linkage of cognitive deficits to 
this focal area. A syndrome marked by more subtle motor deficits 
and a broad range of social and cognitive difficulties may allow 
testing of new predictions regarding the role of sensorimotor sys- 
tems in higher cognitive processing and corroborate the evidence 
provided by other neuropsychological patient groups, especially 
if behavioral experiments are combined with spatially precise 
neuroimaging. 

A case in kind are autism spectrum conditions (ASC), neu- 
rodevelopmental conditions primarily diagnosed by the "triad" 
of social- communication deficits, stereotyped/repetitive behav- 
iors, and unusually restricted/narrow interests. Interestingly, 
ASC are also commonly characterized by subtle motor impair- 
ments in gait, posture, fine and sometimes gross coordination 
(Jansiewicz etal, 2006; Dewey etal, 2007; Dziuk etal, 2007). 
Perhaps due to the somewhat hidden nature of any potential 
link between social- communicative deficits and non-social motor 



abnormalities, the latter have traditionally been seen as minor, 
secondary phenomena, especially as the social-communicative 
deficits of autism are far more disabling. Emerging evidence, 
however, supports the idea that sensorimotor abnormalities pre- 
cede the emergence of core social- communicative problems in 
infants at risk for developing autism (Teitelbaum etal, 1998; 
Rogers, 2009) and that later deficits in social interaction, imi- 
tation, and social cognition may emerge downstream from the 
atypical development of sensorimotor systems (Mostofsky etal., 
2006). A further hint that socio-cognitive deficits and motor pro- 
cesses are linked comes from the mirror neuron literature, where 
inferior frontal and premotor "mirror neuron systems" (MNS) 
are hypoactive in ASC [Iacoboni and Dapretto, 2006; Cattaneo 
etal, 2007; Williams, 2008; Rizzolatti and Fabbri-Destro, 2010; 
though the role of the mirror system in autism is debated by 
other authors (Marsh and Hamilton, 2011)]. If a motor deficit 
precedes or is intertwined with higher cognitive deficits in ASC 
(Leary and Hill, 1996), the investigation of motor brain mecha- 
nisms, conceptual action understanding and severity of ASC may 
be fruitful in understanding the mechanisms of these complex 
conditions. 

Dysfunction of action-perception circuits in ASC implies that 
these individuals should fail to activate action representations in 
speech comprehension, especially during understanding of action- 
related meanings (Figure 1). In contrast, when typically devel- 
oping (TD) participants read action words or sentences, motor 
activation reflects somato topic aspects of word meaning (Hauk 
etal., 2004; Pulvermuller and Fadiga, 2010). If action-perception 
circuits are indeed a basis for understanding action -related lan- 
guage, a further prediction is that people with ASC should exhibit 
a specific deficit in semantically understanding action words. Cru- 
cially, behavioral and motor- cognitive brain activation deficits 
should correlate with and should predict autistic traits. 
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To test these predictions of the action-perception model, we 
used event- related fMRI to assess patterns of cortical activation 
during passive reading and comprehension of action and object 
words in individuals with ASC and TD controls, and carried out a 
behavioral experiment to assess their ability to semantically classify 
these words. To elucidate links across different levels of brain and 
behavior, we then investigated correlations between motor system 
activation and cognitive-semantic ability, and also the correlation 
between activation and the number of autistic traits as measured 
by the Autism Spectrum Quotient (AQ; Baron-Cohen et al., 2001). 
Employing a data-driven regions of interest (ROI) approach, we 
were able to investigate activation evoked by action- and object- 
related words in frontal and temporal areas typically involved 
in language (Pulvermiiller, 1999; Cohen etal., 2002; Kronbich- 
ler etal., 2004) and regions in the motor system which typically 
respond to action words (Pulvermiiller and Fadiga, 2010). Given 
the movement impairments and structural abnormalities of motor 
systems in ASC, we hypothesised that these individuals would show 
a category- specific abnormality during the processing of words 
with action meaning. If motor systems play an important role in 
retrieving the meaning of action words, a processing deficit for 
these words manifested in psycholinguistic semantic tasks should 
be predicted by abnormal activity for action words in this motor 
region. 

MATERIALS AND METHODS 
PARTICIPANTS 

Nineteen participants with ASC were initially recruited for the 
study. One fMRI dataset was lost due to excessive movement, and 
so brain activity of 18 participants with ASC [mean age: 30.4 SD: 
10, range: 39; mean IQ: 1 13.5 (SD: 23)] was compared with that of 
18 typically-developed controls [mean age: 28.6 (SD: 11.7, range: 
44); mean IQ: 110.2 (SD: 12.3)], with all participants being right- 
handed monolingual native speakers. No significant differences 
appeared between the groups in age [f(34) = 0.490, p > 0.6)] or 
IQ [f(34) = 0.411, p > 0.6), and they were roughly balanced for 
gender (9 men in the ASC group, 12 men in the control group). 
All ASC participants (17 with Asperger Syndrome, 1 with PDD- 
NOS) were recruited from the participant panel of the Autism 
Research Centre (ARC) in Cambridge, where they were regis- 
tered after having been clinically diagnosed using DSM-IV criteria. 
The ASC group scored significantly higher than the control group 
[f(32) = 6.857, p < 0.001] on the Autism Spectrum Quotient 
(AQ: Baron-Cohen etal, 2001), with a mean score of 34 (SD: 10) 
in comparison to 13 (SD: 5). All but 4 of the ASC group scored 
above 26 on this test, a cut-off point believed to capture the major- 
ity of adults with autism (Woodbury- Smith et al, 2005). The same 
authors found the AQ to reliably discriminate between individuals 
with and without autism (correctly classifying 83% of individu- 
als). The study was approved by the NRES Cambridgeshire 3 Ethics 
Committee. 

STIMULI 

Critical stimuli employed in the study included 120 action -related 
(e.g., "grasp," "walk," "chew") and 120 object-related (e.g., "cheese," 
"shark," "flute") words without inflections. Prior to the fMRI 
experiment, a semantic rating study was carried out (please see 



Hauk et al, 2004 for full details of procedure) on a large corpus of 
words to ascertain semantic features including imageability, con- 
creteness, visual- relatedness, form-relatedness, color- relatedness, 
arousal, valence, and action-relatedness. Words were matched for 
psycholinguistic factors including word frequency, letter bigram 
and trigram frequency, number of orthographic neighbors, and 
number of meanings. Please see Table 1 for psycholinguistic and 
semantic features of critical stimuli. In order to distract partici- 
pants from the study's focus on action- and object-language, they 
were interspersed with 120 filler words (e.g., "fluke," "ail," "cite," 
which were matched to experimental words in length, bigram and 
trigram frequency, and number of neighbors) and 120 hash-mark 
strings (###), which, also matched for length, acted as a low-level 
visual baseline. 

The full- display of the monitor presenting the stimuli had a 
visual angle of 16.7° (width display 25.16°, height display 14.31°). 
The stimuli were presented subtending a visual angle of 2.3°. 

PROCEDURE 

For this task of silent reading, subjects were scanned in a 3-T Tim- 
Trio scanner with a 12 -channel head- coil attached. Functional 
scans consisted of 32 slices covering the whole brain in descending 
order (slice thickness: 3 mm, in-plane resolution: 3 mm x 3 mm, 
inter-slice gaps: 0.75 mm), and echo-planar sequence parameters 
were TR = 2000 ms, TE = 30 ms, and flip angle = 78°. The silent 
reading task was split into three EPI blocks of approximately 7 min 
and 210 32 -slice volumes each, with five dummy scans used at the 
beginning of each block to achieve a Tl -steady state but discarded 
in the analysis. 

Brain activity was compared between groups during passive 
reading of action- and object- related words. These stimuli, inter- 
spersed with filler words and hash-mark strings, were projected 
onto a screen and presented for 150 ms in a randomized order, 
with a 2.5-s stimulus onset asynchrony, and participants were 
requested to keep as still as possible, attend to the stimuli, and 
read them silently. This task was split into three parts of approxi- 
mately 7 min each (2 1 min overall), allowing participants breaks in 
between if needed. Following the scan and without prior warning, 
they performed a word recognition test (involving rating a list to 
indicate their recognition of novel words and some of those pre- 
viously seen in the experiment) that confirmed that they had been 
attentive during scanning. The data confirmed that they had been 
attentive: both groups performed above chance [average hit rate: 
controls = 76.2% (SD = 18.1%), ASC = 76.2% (SD: 19.1%)], with 
no significant difference appearing between them in the number 
of correct answers [f(34) = -0.018, p> 0.9]. 

Participants returned 4-10 weeks later (average: 8 weeks) to 
perform a semantic decision experiment on the action- and object- 
related words previously used in the fMRI experiment. Their 
task was to indicate as quickly as possible, within an interval of 
2.5 ms, whether the meaning of tachistoscopically presented words 
(150 ms) related to actions or objects by button presses with the 
left or right thumb (counterbalanced over participants). Words 
were presented in light gray font on a black monitor; the order 
was pseudo-randomized between participants. After completing 
the semantic decision task, participants completed the Autism 
Spectrum Quotient (Baron-Cohen etal., 2001). 
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Table 1 | Psycholinguistic and semantic features of word stimuli. 





Action words 


Object words 


Main effect of word type (f) 


Filler words 


Length 


4.50 (0.066) 


4.34 (0.063) 


1.660 (p > 0.09) 


4.58 (0.061) 


Word frequency 


11.38 (1.43) 


10.22 (1.32) 


0.597 (p > 0.55) 


10.35 (1.76) 


Bigram frequency 


33083.89 (1644.70) 


37313.48 (1532.15) 


-1.882 (p > 0.06) 


39029.90 (1669.87) 


Trigram frequency 


3465.95 (347.69) 


4144.69 (342.33) 


-1.391 (p > 0.16) 


4096.74 (436.24) 


No. of neighbors 


7.13 (0.476) 


7.88 (0.503) 


-1.082 (p > 0.28) 


6.41 (0.483) 


No. of meanings 


1.18(0.040) 


1.328 (0.067) 


-1.845 (p > 0.06) 


1.05 (0.023) 


Imageability 


4.44 (0.084) 


5.82 (0.098) 


-10.701 (p < 0.001) 


2.59 (0.116) 


Concreteness 


3.69 (0.068) 


6.24 (0.065) 


-27.155 (p < 0.001) 


2.95 (0.084) 


\/ici i o I rol^+oHnocc 


O.OD \\J. IUO/ 


o.ooiu.u/ o/ 


— \D.H-Q/ [/J < U.UUI/ 


Z. I O \\J. I I z/ 


Form-relatedness 


2.46 (0.092) 


3.25 (0.074) 


-6.722 (p < 0.001) 


1.40 (0.059) 


Color-relatedness 


1.56 (0.059) 


2.30 (0.112) 


-5.793 (p < 0.001) 


1.21 (0.053) 


Arousal 


3.13 (0.095) 


1.41 (0.056) 


15.625 (p< 0.001) 


2.02 (0.094) 


Valence 


3.83 (0.092) 


3.86 (0.043) 


-0.245 (p > 0.87) 


3.22 (0.117) 


Action-relatedness 


5.31 (0.085) 


2.10 (0.118) 


22.096 (p < 0.001) 


3.91 (0.151) 



Statistical tests between action and object words are displayed in t values. The psycholinguistic properties of the filler words are included in the rightmost column but 
not in the statistical tests reported, as they were included to detract from the nature of the task and were not compared with the experimental word categories. 



To compensate for drop-outs, two new ASC and seven TD 
controls were recruited. Altogether, 19 ASC and 18 TD subjects 
took part in the behavioral experiment, as the one ASC individual 
whose fMRI dataset was excluded was included in this analysis. 
Age and IQ differences between groups remained non-significant. 

DATA ANALYSIS 

SPM5 (Wellcome Department of Imaging Neuroscience, London, 
UK) was employed for all processing stages, including slice-timing 
and re-aligning using sine interpolation, co- registration of images 
to structural Tl images and normalization of the previous to the 
152 subject Tl template of the Montreal Neurological Institute 
(MNI). Transformation parameters were applied to co-registered 
EPI images, which were also resampled with a spatial resolution 
of 2 mm x 2 mm x 2 mm and spatially smoothed with an 8 -mm 
full-width half-maximum Gaussian kernel. 

Single -subject statistical contrasts were computed using the 
canonical hemodynamic response function (HRF) of the gen- 
eral linear model. Low- frequency noise was removed by applying 
a high-pass filter of 128 s. Onset times for each stimulus were 
extracted from Eprime output files and integrated into a model for 
each block in which each stimulus category was modeled as a sep- 
arate event. Group data were then analyzed with a random -effects 
analysis and second level group analysis performed. Activation to 
each of the experimental word categories in each groups was com- 
pared statistically against baseline (the hashmark condition) and 
voxel coordinates reported in MNI standard space. 

In addition to whole -brain analysis, a ROI investigation was 
undertaken using the MarsBar function of SPM5. As the left hemi- 
sphere is the major site of language processing, four 2 mm-radius 
regions located in left-hemispheric key areas of theoretical interest 
from previous literature (inferior frontal gyrus, superior tempo- 
ral sulcus, precentral and fusiform gyrus) were extracted from the 



contrast of all words against baseline (###) in typical controls, and 
four right-hemispheric homologs were chosen to match these as 
closely as possible. Three of the four ROIs were also confirmed 
by the activation patterns seen when both groups were pooled 
(a highly significant peak in the superior temporal sulcus had 
marginally different coordinates). Note the fact that the all-words 
vs. baseline contrast which is orthogonal to the contrasts relevant 
for hypothesis testing (ASC vs. TD) rules out the risk of double 
dipping (see also Kriegeskorte etal., 2009). Activation for action- 
and object-word categories was compared between groups in these 
regions. Because voxels were resampled with a spatial resolution 
of 2 mm x 2 mm x 2 mm and smoothed at a 8 mm kernel, the 
half maximum width of each 2 mm-radius ROI was 12 mm, thus 
allowing us to keep ROIs overlap free while at the same time com- 
pensating for some of the spatial variance caused by the projection 
of individual brains to the averaged MNI template. Statistical anal- 
ysis of ROIs was executed in both SPSS and Statistica. Bonferroni 
corrections were applied on the data where appropriate and are 
indicated in the text. For the main 4-way ANOVA, correction was 
for the full 15 significance tests. 

RESULTS 

fMRI RESULTS: FRONTAL-MOTOR HYP0ACTIVITY IN ASC 

In both groups (18 ASC vs. 18 TD participants), the con- 
trast of all words against baseline [strings of repeated familiar 
symbols (hash marks)] revealed similar activation patterns in 
posterior temporal regions, which are typically activated by 
written word stimuli (Cohen etal., 2002). In contrast, inferior- 
frontal and precentral cortex were strongly active in TD controls 
but not in people with ASC. This finding was revealed by a 
low level contrast (words vs. baseline) and is displayed at a 
lenient threshold (uncorrected p < 0.005) in Figure 2 A to show 
the full activation range for both groups. Following stringent 
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Left Slice (y = 45) 




Reaction times to semantic decisions 




FIGURE 2 | (A) Activity for words (p < 0. 005, uncorr.) viewed in a passive 
reading task contrasted against a hash mark (###) baseline, inTD controls 
(blue) and participants with ASC (red). (B) Direct statistical contrast between 
groups for words viewed in the passive reading task (FWE p < 0.05). Light 
blue foci show areas of stronger activation forTD controls as compared to 
ASC (TD > ASC) participants: the opposite contrast, ASC >TD, was 
non-significant. (C) Latencies (ms) of TD controls (blue) and ASC participants 
(red) who made semantic classifications for action- (diagonal stripes) and 
object-related (Crosshatch) words. Bars show average response times (and 
standard errors) taken to make semantic decisions. The significant difference 
between word categories in ASC is reflected by an asterisk (*). (D) Significant 
correlations for ASC participants between activity in the motor system for 



action words and behavioral difference scores in the semantic decision task. 
Behavioral underperformance in classifying action words was quantified by 
subtracting response times for matched object-words from those to 
action-related words, and is significantly correlated with lower activity in the 
motor system. Motor activation was measured in precentral cortex, at 
coordinate (-50, -10, 44), where maximal activation was seen in action word 
reading inTD participants. (E) Significant correlations for ASC participants 
between activity in the motor system [see (D)] for action words and AQ 
scores. Higher numbers reflect increasing number of autistic traits. In (C,D), 
values along the x-axis reflect parameter estimates (arbitrary units) reflecting 
the difference in activation between action words and the baseline condition 
(hash-marks). 



whole-brain correction for multiple comparisons (p < 0.05, 
FWE corrected), direct statistical comparison of word-elicited 
activations between both groups still confirmed that ASC sub- 
jects showed reduced inferior- frontal and precentral activation 
compared with TD controls (Figure 2B). The opposite con- 
trast (ASC > TD) failed to reach significance anywhere in the 
brain. 

To explore whether between-group differences were signifi- 
cantly more pronounced in frontal cortex compared with other 
sites, a ROI analysis and ANOVA were conducted on data from 
the two frontal and two temporal regions which emerged from the 
contrast of all words against baseline (###) . These were included in 
a four- way ANOVA, including the two-level factors "hemisphere," 
"peris- vs. extrasylvian" ("PES"), "frontal vs. temporal" ("FT") 
and the group variable. A significant interaction of factors PES, 
FT, and Group [F(l, 34) = 9.234, p < 0.01] revealed significant 
differences in word- related activity between groups, with gener- 
ally lower activity for autistic subjects but particularly strongly 



reduced activity in frontal cortex. Further exploration of the 
language-dominant left hemisphere revealed a significant interac- 
tion of the factors Fronto-temporal and Group [F(l, 34) = 4.210, 
p < 0.05], which further confirmed specificity of hypoactivity to 
inferior- frontal and precentral sites in the ASC group. Follow- 
ing Bonferroni-correction, significant between-group differences 
were only found in the deep-inferior frontal [f(34) = 4.229, 
p < 0.001] and precentral gyrus [f(34) = 3.514, p < 0.002], but 
not in temporal areas. 

Since motor systems are activated during passive speech percep- 
tion and language comprehension (Wilson etal., 2004; D'Ausilio 
etal, 2009; Pulvermuller and Fadiga, 2010), this group difference 
in word-elicited motor activation could reflect an ASC-specific 
processing difficulty in mapping language to articulatory motor 
programes. However, separation of hemodynamic response by 
word type in the previously defined ROIs confirmed ASC- 
specific frontal hypoactivity for action words but only partially 
for object-related words. Although inferior- frontal cortex showed 
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between-group differences for both word types, precentral cor- 
tex revealed a significant group difference, with reduced activity 
in the ASC group, for the contrast of action words against 
baseline [f(34) = 2.917, p < 0.01], but not for object- related 
words against baseline (Figures 3A,B). Whilst the interaction of 
group and word category was non-significant (p < 0.1), these 
results do suggest that reduced motor system activation in ASC 
relates to semantic- conceptual processing. Though this finding 
is consistent with the study hypotheses, the lack of a group dif- 
ference for object words in the motor system could potentially 
reflect a failure of statistical power and this might be further 
investigated in future experiments. At present, however, only 
behavioral data can clarify whether such activation is necessary 
for semantic processing: if precentral/premotor hypoactivity in 
ASC reflects a genuine semantic processing deficit in motor cogni- 
tion, this should be apparent during processing of action -related 
words. 

BEHAVIORAL RESULTS: LINKING BRAIN WITH BEHAVIOR 

To address this question experimentally, participants from the 
fMRI experiment returned to perform a semantic decision exper- 
iment on the same action- and object- related words. Due to 
drop-outs and the loss of some datasets, this analysis also included 
three ASC participants who were not included in the fMRI study 
(see Procedures, above, for details). A factorial two-way ANOVA 
(Word category x Group) showed that performance was generally 
high throughout the task, without revealing a difference between 



A Activity for action words 




B 

Activity for object words 




FIGURE 3 | (A) Activity for action words in control (blue) and ASC (red) 
participants (p < 0. 005, uncorr.). Bar charts depict action-word activity for 
both groups in key inferior frontal and precentral ROIs. (B) Activity for 
object words in control (blue) and ASC (red) participants (p < 0.005, 
uncorr.). For further explanation, see legend for (A). In (A,B), values along 
the /-axis reflect parameter estimates (arbitrary units) reflecting the 
difference in activation between action or object words respectively and 
the baseline condition (hash-marks). 



groups or word kinds [TD: mean = 87% correct, SD = 5%; ASC: 
mean = 87% correct, SD = 5.5%; F(h 35) = 0.128, p > 0.7]. 
However, an ANOVA performed on reaction times revealed a 
significant interaction between Word category and Group [F(l, 
35) = 4.291, p < 0.05]. ASC participants were significantly slower 
in semantically- judging action-related words compared with their 
speed at semantically classifying object words [f(18) = 3.116, 
p < 0.01]; TD individuals showed no evidence of a similar contrast 
[t(\7) = 0.429, p > 0.6], Figure 2C). These results show that, in a 
speeded semantic decision task, ASC participants are significantly 
debilitated in processing action-related words (mean: 815.3 ms, 
SD: 204.5) compared with matched object words (mean 760.6 ms, 
SD: 191.5). 

The strongest a priori prediction action-perception theory 
makes about ASC concerns the relationship between semantic pro- 
cessing deficits and reduced motor system activation in cognitive 
processing, so correlations between behavioral response times and 
cortical activation in the left-premotor ROI (—50,-10, 44) during 
action word reading were examined in datasets from the 16 ASC 
participants who participated in both experiments. To obtain a 
specific behavioral measure of action semantics, we used the object 
word response times for normalizing the action word latencies 
in semantic decisions. A significant correlation between reaction 
time and precentral activation to action words (r = 0.497, p < 0.05) 
was observed in the ASC group, whereby relative underperfor- 
mance on the semantic task for action verbs, but not object nouns, 
was linearly related to decreasing brain activation elicited by action 
words (Figure 2D). Further exploration of the behavioral-BOLD 
correlation in the previous ROIs revealed a similar correlation for 
inferior frontal cortex with action words, but not for other parts 
of the brain. No comparable correlations with brain activity were 
observed for object words. 

In order to explore the link between activity in semantic motor 
system activity and the wider spectrum of autistic symptoms, 
we studied the correlation between precentral semantic activity 
and autistic symptoms as assessed by the AQ (Baron-Cohen et al., 
2001). Higher scores on the AQ (greater number of autistic traits) 
were significantly correlated with hypoactivity in the same pre- 
central ROI cortex for words generally (r = —0.556, p < 0.02). 
Following removal of one marked outlier with a family history of 
left-handedness (seen to the far left in Figure 2E), this negative 
correlation remained significant. The correlation was especially 
pronounced when considering brain activity elicited by action 
words alone (r = -0.654, p < 0.005; Figure 2E). All other anal- 
yses' remained significant with removal of this individual and the 
ASD group were still significantly slower to process action words 
[t(l7) = 2.797, p< 0.02]. 

DISCUSSION 

Here we report a novel investigation of semantic action word pro- 
cessing in ASC and its relationship to motor cortex activation and 
general ASC symptomatology. Using fMRI, we found hypoactiva- 
tion of inferior- frontal and premotor cortex during word reading 
in ASC relative to matched control participants. This reduction in 
activity was most clearly apparent for words semantically related 
to actions. Corresponding to the significantly reduced activation 
of motor systems in action word processing seen in ASC, we 
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found increased reaction times for processing these words in this 
group, thus indicating a category- specific abnormality in seman- 
tic processing. Third, linking the two results together, a significant 
correlation emerged between hypoactivity in the motor system 
and slowed reaction time for processing action words. Critically, 
a similar correlation also appeared between semantic hypoactiv- 
ity and autistic symptomatology in our ASC group. These results 
all support the prediction of an action-perception theory of ASC, 
whereby the reported category- specific semantic processing disad- 
vantage, and possibly a wider range of ASC symptoms, may stem 
from atypical information exchange between the motor cortex and 
other brain regions. 

This newly observed language-related hypoactivation of motor 
systems in ASC and their correlated deficit in semantically pro- 
cessing action -related words refute an interpretation of semantic 
motor systems activation as "ancillary" or "epiphenomenal" in 
the general population. Rather, it appears that an intact and 
well-connected motor system brings about motor system acti- 
vation during action word reading and is necessary for optimal 
processing of these items, whereas, in a condition where this acti- 
vation is absent, specific abnormalities in semantic information 
processing are manifest for words with action-related meaning. 
"Disembodied" theories of conceptual representation (Mahon and 
Caramazza, 2008), assuming meaning processing divorced from 
sensorimotor systems, cannot account for this finding. Nor is there 
currently evidence to suggest the activation of motor systems by 
another region or system (see Kiefer and Pulvermuller, 2012, for 
review and discussion of the literature). Although a range of cor- 
tical areas take their share in meaning processing (Pulvermuller, 
20 1 3), the present study failed to reveal brain activation outside the 
motor system that predicted the ASC-specific deficit in semantic 
processing of action -related words. 

To account for the observed correlations between motor system 
hypoactivity, action-semantic deficit and ASC symptomatology, 
parsimony demands that a causal link be postulated. That socio - 
communicative or semantic deficits in autism might give rise to 
motor impairments seems unlikely, given that such a proposition 
would fail to explain why semantic deficits are specific to action 
words or why premotor cortex is hypoactive in language process- 
ing; furthermore, this position seems difficult to reconcile with the 
early emergence of motor dysfunction in ASC, long before seman- 
tic or social deficits become manifest or at least evident to current 
means of measurement at this age (Teitelbaum et al, 1998; Rogers, 
2009). As there is currently no evidence for a third process acting 
on both motor and semantic systems, the third possibility is offered 
by action-perception theory. A functional deficit in motor areas 
and/or in the interaction between motor and other brain systems 
(see Figure 1), leads to atypical development of action-perception 
circuits required for language processing, motor cognition and 
action semantics. Thus the ASC motor deficit, which emerges 
early in ontogenesis, would cause hypoactivity in the precentral 
cortex in action-semantic processing and the observed slowing of 
action-semantic classification in ASC. On the basis of the existing 
literature on ASC and the specificity of the present results, such an 
account is highly plausible. 

The observed action-semantic deficits in autism are paralleled 
in patients suffering from lesions in the motor system (Neininger 



and Pulvermuller, 2003; Boulenger etal., 2008; Bak and Chan- 
dran, 2011). The significant advance of the present study is the 
specificity of the relationship between cognitive-semantic deficits 
and the functionality of focal precentral cortex activation. The 
functional importance of motor systems for higher cognition 
demonstrated by earlier cognitive and brain research (Buccino 
etal., 2005; Pulvermuller etal., 2005; Fischer and Zwaan, 2008; 
Shebani and Pulvermuller, 2013) fits with a potential causal 
role of autistic motor dysfunction, as suggested by the devel- 
opmental primacy of motor symptoms relative to core autistic 
symptomatology (Teitelbaum etal., 1998; Rogers, 2009). Indeed, 
impairments in the motor system in ASC and its connectivity 
predict not only movement problems but difficulty establishing 
typical action-perception circuits and therefore representations of 
complex actions (Mostofsky and Ewen, 2011). In turn, such rep- 
resentational alteration may lead to higher- order deficits in action 
understanding (Blake etal, 2003; Williams, 2008), gesture and 
imitation (Williams etal., 2001; Dewey etal., 2007), as well as 
language and communication. Although presently unascertained, 
it appears plausible that the aberrant structural connectivity of 
cortico- cortical tracts and reduced functional connectivity in ASC 
(Courchesne and Pierce, 2005; Sundaram etal., 2008; Jones etal., 
2010) contribute to their motor and cognitive impairments. Atyp- 
ical connectivity between frontal action -systems and posterior 
perception-related neural systems in the arcuate fascicles, which 
connect anterior and posterior language regions (Keller et al., 2007; 
Fletcher etal., 2010; Lai etal., 2012), maybe of special relevance 
here, considering the key role these pathways play in connect- 
ing action-perception circuits, thus merging information about 
actions and perceptions in linguistic and semantic neural systems 
(Pulvermuller and Fadiga, 2010). The atypical development of 
language circuits would explain why, during reading words of dif- 
ferent semantic categories, participants with ASC exhibit atypical 
patterns of local cortical activity (Moseley etal., 2013). We were 
unable, in the present study, to ascertain the degree of cortical 
motor abnormality in our participants, and this, alongside per- 
haps the course-grained measure of semantic processing in our 
behavioral task, might explain why inaccuracy in action word 
processing was not revealed alongside longer reaction times. The 
"tipping point" at which brain abnormalities manifest in semantic 
errors is likely to be influenced by task demands. It is clear that this 
study convincingly supports the contribution of motor regions to 
optimal action word processing, but much remains to be eluci- 
dated regarding the contribution of these and other brain areas to 
semantic processing in different contexts (Hauk and Tschentscher, 
2013; Pulvermuller, 2013). 

Action -perception circuits provide a functional link between 
sensory and motor neurons and become active when the individ- 
ual performs an action and when they perceive the action visually 
or hear its characteristic action sounds (see Figure IB). This mech- 
anism explains the response patterns of mirror neurons, which 
play a key role in these circuits. Over and above providing a mech- 
anism of mirror neuron activity and behavioral imitation, these 
action perception circuits can support a range of higher mental 
processes necessary for language, semantics, and social cognition 
(Pulvermuller and Fadiga, 2010). The lack of "embodied" action- 
related semantic processing in ASC demonstrated for the first time 
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in this study is therefore in agreement with the well-known inac- 
tivity of the mirror neuron system seen in ASC subjects during 
tasks unrelated to language (Iacoboni and Dapretto, 2006; Cat- 
taneo etal, 2007; Williams, 2008; Rizzolatti and Fabbri-Destro, 
2010). In this context, the correlation between language -evoked 
motor activation and autistic traits (AQ scores) bolsters the pre- 
vious suggestion that a range of typical ASC symptoms relate to 
motor systems abnormalities (Mostofsky etal., 2006; Mostofsky 
and Ewen, 2011). Although our present data are consistent with 
the prediction that an impairment of mirror mechanisms rely- 
ing on action perception circuits would entail ASC deficits in 
semantic motor system activation, semantic processing of action 
words, and even general traits of ASC, we hasten to emphasize 
that that our data are correlational and therefore cannot provide 
proof of causality. Still, we offer some related considerations in the 
following paragraph. 

Atypical grounding of semantics in action-perception circuits, 
such as would result in abnormal linguistic/ communicative pro- 
cessing, might derail further development in domains that depend 
on input from motor systems, such as mentalizing. In par- 
ticular, several researchers have hypothesized that "embodied" 
premotor cortical systems involved in mirroring also interact 
with systems for mentalizing (Zaki etal., 2009; Lombardo etal., 
2010a; Schippers etal., 2010; Spunt and Lieberman, 2012). 
For example, reduced functional connectivity in ASC has been 
observed between a key mentalizing/self- representation region, 
ventromedial prefrontal cortex, and ventral premotor cortex 
and somatosensory cortex (Lombardo etal, 2010b). This would 
suggest that atypical development of (premotor-prefrontal links 
in) action-perception circuits underlying higher cognition could 
impact on the way in which individuals with ASC interact with 
others (Lombardo and Baron-Cohen, 2010, 2011), and how such 
motor problems, preceding higher-level socio -communicative dif- 
ficulties, might set children on atypical trajectories that lead 
to increased risk for autism. Though implications beyond the 
semantic processes studied in this present work may appear as 
speculative, our results clearly demonstrate that motor problems 
in ASC cannot be regarded as separate from, or secondary to, 
higher cognitive and socio-communicative difficulties. Instead, 
atypical development of action-perception circuits carrying higher 
cognitive processes derail aspects of language and conceptual pro- 
cessing which may entail further difficulties in communication, 
social interaction, and thought. 

Further investigation is clearly necessary as to the relation- 
ship between motor system dysfunction and the development of 
other symptoms of ASC. One limitation of the present study is 
the lack of rigorous in-study diagnosis of ASC and of an overt 
behavioral measure of motor dysfunction. The inclusion crite- 
ria of our experiment strictly excluded those with "suspected" 
ASC and all individuals who had not received a previous for- 
mal diagnosis, and as such we were confident of the diagnostic 
status of our ASC participants. Here, the lack of motor sys- 
tems response to word and action word processing was taken 
to reflect abnormality in these underlying systems, but future 
work might look in parallel at surface motor symptoms of 
such abnormalities, and relate them in greater detail to autistic 
symptoms as captured by gold-standard diagnostic instruments. 



Though movement abnormalities have been neglected in autism 
research, a causal dependence of cognitive and semantic capacities 
on motor systems, if demonstrated empirically, could have sub- 
stantial implications for conceptualization of and interventions 
for ASC. 

Whilst the majority of our discussion has focused on the deficit 
specific for action words in this population, a final note for con- 
sideration concerns the processing of visual object words. It has 
been suggested that individuals with ASC depend more on per- 
ceptual, perhaps more surface-level strategies of processing, rather 
than deep semantic analysis (Kamio and Toichi, 2000; Toichi and 
Kamio, 2001, 2002, 2003; Harris etal, 2006; Kana etal, 2006; 
Mottron etal., 2006; Gaffrey etal, 2007). Despite showing sub- 
stantial activity in inferior temporal cortex, ASC participants did 
not activate this region significantly more than typically devel- 
oped controls whilst reading, though the task in the present study 
is not directly comparable to previous findings as it involved pas- 
sive reading and therefore minimal processing demands. Strength 
in visual or perceptual processing might, however, be supported 
by the relative sparing of visual object words in ASC participants, 
who were slower than controls at semantically judging action but 
not object words. In the typical population, object words also 
evoke activity in motor systems which relates in a somatotopic 
manner to the primary affordances of the concept denoted: tool 
words evoke activity in dorsal motor system (hand area) and the 
left cerebellar hemisphere which controls the right hand of the 
body, and food words activate dorsal portions of the motor sys- 
tem related to the face and mouth (Carota etal., 2012). Such 
motor activity, reflecting action semantic knowledge related to 
object affordances, appeared to be preserved here in ASC, a find- 
ing which sits parallel to the lack of a group difference in object 
word-induced brain activation. It appears that the direct linkage 
between an action word and the action it denotes is degraded 
in ASC, whilst the more indirect relationship between an object 
word and the affordances of the concept remains intact; but fur- 
ther investigation is required to assess this possibility and why, 
furthermore, object words might hold a privileged place in pro- 
cessing in ASC (at least compared with action words). The bias 
towards visual processing in ASC (Mottron et al, 2006) might pro- 
vide a protective factor for words with primarily visual semantic 
associations. Another possibility is that action words, alongside 
their particular dependence on motor schemas, are additionally 
jeopardized by the social-pragmatic information intrinsic to their 
nature. Unlike object words, all action words imply an actor and 
several of the action words in this experiment had social associ- 
ations (e.g., "speak," "smile," and "kiss"), and might therefore be 
specially problematic given the fundamental social handicap in 
ASC (Baron-Cohen, 2009). A third possibility is that the deficit 
seen here reflects a generic abnormality for processing the lexical 
verb class rather than an abnormality for words with action mean- 
ing per se. Strong neuropsychological and neurophysiological data 
suggests that the organization of meaning in the brain is driven 
by semantic rather than lexical differences (Vigliocco etal., 2011; 
Cappa and Pulvermuller, 2012; Kemmerer etal., 2012; Kiefer and 
Pulvermuller, 2012), but the present study cannot speak to this in 
ASC and so that, at present, we cannot refute with certainty the 
possibility that other morphosyntactic differences between nouns 
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and verbs might result in the difference seen here between action 
and object words. Future research might choose to study differ- 
ent types of verbs (for example, abstract nouns and verbs such as 
"beauty" and "contemplate") in ASC, to investigate whether the 
action word deficit observed in the present work relates to lexical 
category or to the action semantic content of these words. 

CONCLUSION 

In contrast to TD control subjects, ASC participants do not signif- 
icantly activate cortical motor-executive systems during language 
processing and show corresponding difficulties processing the 
action -related meaning of words. Crucially, motor hypoactivation 
predicted, and significantly correlated with, these semantic pro- 
cessing difficulties, consistent with a causal role of motor- executive 
systems in processing action -related meaning. Motor hypoactivity 
also predicted the severity of autistic traits, thus suggesting a fur- 
ther relationship between dysfunction of motor systems and wider 
traits typical in ASC. More research is needed to elucidate the puta- 
tive role of neural motor systems in ASC and, more generally, in 
social cognition and theory of mind. 
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